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Abstract 
 
This work presents results of numerical estimation of the structure composition in laser-arc hybrid welded joints. Temperature field was 
obtained by the solution of the heat transfer equation with activity of inner heat sources. Convective motion of liquid metal in the welding 
pool, latent heat of fusion and latent heat of phase transformation were taken into account in the algorithms for numerical analysis of the 
temperature field. The volumetric fractions of arising phases were determined on the basis of Johnson - Mehl - Avrami (JMA) model for 
diffusive transformations and Koistinen - Marburger (KM) model for martensitic transformation. On the basis of calculated temperature 
distribution the structure composition in welded joint was numerically estimated, taking into account CHT and CCT diagrams for S355 
steel. 
 
Keywords: Numerical modeling, Hybrid welding, Temperature field, Phase transformations, Weld structure composition 
 
 
 
1. Introduction 
 
The weld and region adjacent to the weld is heated to various 
temperatures  depending  on  the  distance  from  the  heat  source. 
Different  heating  and  cooling  conditions  during  welding 
contribute to appearing of various structures in the weld having 
different mechanical properties. An important step in numerical 
modeling  of  welding  process  is  reliable  determination  of  the 
kinetics  of  phase  transformation  for  analyzed  steel,  because 
knowledge about the structural heterogeneity of welded joints is 
important  during  construction  design.  Temperature  and  phase 
transformations are the cause of significant isotropic strain, since 
structures  arising  in  the  cooling  process  have  specific  volume 
greater  than  austenite.  Thermal  strain  together  with  structural 
strain  generates  welding  residual  stress  [1].  Modern  welding 
method  often  used  in  many  industries,  mainly  due  to  the  high 
quality of welded joints and economical advantages, is laser beam 
welding. However, the essential problem of laser beam welding is 
formation of hardening structures in the weld and HAZ, because 
of  high  heat  energy  concentration  and  high  cooling  rates. 
Significant  reduction  of  hard  structures  can  be  achieved  by 
application  of  the  laser-arc  hybrid  welding  technique.  This 
welding method, which combines electric arc welding with laser 
beam  welding  cooperating  in  single  process,  is  in  recent  years 
under particular investigations. The use of two heat sources: the 
laser  beam  and  electric  arc  cooperating  in  a  single  welding 
process  reduces  fractions  of  the  hardening  structures  in  the 
welded  material,  due  to  the  lower  temperature  gradients  [2], 
resulting  in  the  improvement  of  weld  quality  and  operating 
properties of welded construction. 
The  paper  presents  the  numerical  analysis  of  thermal 
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welded  plate  made  of  S355  steel.  On  the  basis  of  numerically 
determined temperature field prediction of welded joint structural 
composition was performed. The volumetric fractions of phases 
were determined as a function of temperature and cooling rate. 
Estimated structure composition is shown as distributions of the 
final fractions of each phase. 
 
 
2. Thermal phenomena in laser-arc 
hybrid welding 
 
Temperature  field  was  obtained  by  the  solution  of  heat 
transfer  equation  with  activity  of  internal  heat  sources  with 
convective motion in the welding pool taken into consideration. 
Velocity field of liquid metal in the melted zone was obtained by 
the  solution  of  Navier-Stokes  equations  for  laminar  flow  of 
viscous,  incompressible  fluid.  The  problem  was  numerically 
solved using Chorin’s projection method and the finite volume 
method  [3,  4].  Latent  heat  of  fusion  and  latent  heat  of  phase 
transformations  in  solid  state  were  taken  into  account  in  the 
numerical  algorithm  of  thermal  phenomena  analysis.  Thermal 
phenomena analyzed in this study are illustrated in figure 1. 
 
 
 
Fig. 1. Scheme of the system  
 
Temperature field was obtained by a solution of transient heat 
transfer equation 
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where  l=l  (T)  is  a  thermal  conductivity  [W/mK],  Cef  is  the 
effective heat capacity which includes latent heat of fusion and 
latent  heat  of  phase  transformations  in  solid  state  [4,  5], 
p
v Q Q Q Q + + = 2 1
~  is a volumetric heat source [W/m
3], where Q1 is 
the electric arc heat source whose distribution is determined using 
the  Goldak’s  model  [6]  and  Q1  is  the  laser  beam  heat  source 
described by cylindrical-involution-normal model [7]. 
p
v Q  gives 
consideration  to  material  evaporation  heat  in  the  keyhole, 
v = v(x,t)  is  a  velocity  vector  and  x = x(xa)  is  a  vector  of  a 
material  point  coordinates.  Initial  0 : 0 T T t = =   and  boundary 
conditions of Dirichlet, Neumann and Newton type taking into 
consideration heat loss due to convection, radiation emission and 
evaporation [4] complete equation (1). 
Velocity  field  of  liquid  material  in  the  melted  zone  was 
obtained by the solution of Navier – Stokes equation taking into 
account fluid natural convection and fluid flow through porous 
medium  in  region  determined  by  solidus  and  liquidus 
temperatures 
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where  r  is a density [kg/m
3], g - acceleration of gravity vector, 
T b   is  volume  expansion  coefficient  due  to  heating,  
ref T - reference temperature [1/K],  m - dynamic viscosity [kg/ms], 
K  is  porous  medium  permeability  in  accordance  with  Carman-
Kozeny model [5]. 
Navier-Stokes  equation  (2),  satisfying  the  mass  continuity 
equation  0 = × Ñ v , is completed by initial condition  0 : 0 0 = = v t  
and boundary condition of Dirichlet type,  0 = b v  implemented at 
the welding pool boundary. 
 
 
3. Phase transformations 
 
Analysis of phase transformations in welded plate  made of 
S355  steel,  with  chemical  composition  given  in  table  1,  were 
determined for heating and cooling. Phase transformations during 
heating were calculated on the basis of JMA [8] formula and CHT 
diagram shown in figure 2, where the influence of heating rates on 
austenitization  temperatures  (Ac1(t)  and  Ac3(t))  are  taken  into 
account. 
 
Table 1. 
Chemical composition of S355 steel [%] 
C  Mn  Si  Cr  Ni  Al  P  S 
0.19  1.05  0.20  0.08  0.11  0.006  0.028  0.02 
 
Austenite fraction arising during heating was calculated using 
JMA equation 
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where  h(.)  is  a  sum  of  volumetric  fractions  of  base  material 
structure (h(.)=1), coefficients b= ( ) T b  and n= ( ) T n  are determined 
by  starting  (hs=0.01)  and  final  (hf=0.99)  conditions  for  phase 
transformation 
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where t is time, ts=ts(TsA) and tf=tf(TfA) are respectively starting 
and final times of phase transformation, TsA and TfA are starting 
and final temperatures of phase transformation. 
 
If maximum temperature of thermal cycle is found between 
[Ac1¸Ac3] temperatures, then incomplete austenitization occurs. 
In  this  case  a  fraction  of  austenite  formed  during  heating  is 
described as follows 
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Base material structure untransformed into the austenite is defined 
as sum of fractions ) 1 ( A k h h - = .  
When incomplete austenitization occurs, aggregated fractions of 
phases arising during cooling are assumed as a sum of fractions 
transformed  from  austenite  and  reminder  untransformed  (base 
material) structure. 
 
 
Fig. 2. Time-temperature-austenitization diagram CHT for S355 
steel [9] 
 
Analysis  of  phase  transformations  during  cooling  was 
performed on the basis of and CHT diagram for S355 steel (fig. 3) 
and JMA formula describing diffusive transformations and KM 
model  describing  martensitic  transformation  [8].  Volumetric 
fractions  of  phases  forming  from  austenite  during  cooling  are 
determined  by  temperatures  and  cooling  rates  between 
[800,500] C. Fraction of a new phase such as bainite, ferrite or 
pearlite  (diffusive  transformations)  is  calculated,  taking  into 
account existed phases 
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where  A h ~   is  a  volumetric  fraction  of  austenite  forming  during 
heating,  ( )% × h   is  a  maximum  phase  fraction  for  determined 
cooling  rate,  k h   is  the  fraction  of  phase  formed  earlier  in  the 
cooling process. Coefficients b and n are also determined by (4) 
Fraction  of  martensite  is  estimated  by  the  solution  of  KM 
formula 
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where coefficient k depends on martensite phase starting and final 
temperatures (Ms and Mf.) 
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where  hmax  is  a  maximum  fraction  of  martensite  (assumed  as 
hmax=0.99). 
 
 
Fig. 3. CCT diagram and phase composition of S355 steel [4] 
 
Latent  heat  of  phase  transformations  in  solid  state  was 
included into effective heat capacity in equation (1) [4] 
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where 
i
s T  and 
i
f T  are the starting and final temperatures of each 
phase transformation, 
i
i H
h is a latent heat of i-th phase,  i h is a 
volumetric fraction of this phase. 
 
 
4. Results  
 
Numerical  analysis  was  performed  for  plate  made  of  S355 
steel. It has been assumed that  the base  material  structure is a 
ferritic - pearlitic structure (60% ferrite and 40% pearlite).  
The value of welding velocity was assumed as v=0.7 m/min. 
The  laser-to-arc  distance  was  equal  to  d=5mm.  Process 
parameters were assumed to be: I=310A, U= 31.8V, η=75% for 
electric arc heat source and QL = 3800W, η = 85%, r0 = 1mm,  
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Fig. 4. Temperature distribution in cross-section of the weld 
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Fig. 5. Numerically estimated structure composition in hybrid 
welded joint, a) ferrite, b) pearlite, c) bainite, d) martensite 
 
Temperature  distribution  in  cross-section  of  the  weld  is 
presented  in  figure  4.  Solid  line  points  out  the  melted  zone 
(T=TS=1750K)  and  dashed  line  marks  the  heat  affected  zone 
(T=Ac1).  Figure  5  presents  results  of  numerical  estimation  of 
structure composition in cross-section of welded joint. Structure 
composition in the weld and the heat affected zone consists of 
ferrite, pearlite, bainite and a small amount of martensite. 
5. Conclusions 
 
Numerical  model of phase transformations presented in the 
paper allows for estimation of shape and size of each zone in the 
weld as well as calculations of kinetics of phase transformations 
together with phase composition estimation in butt welded plate 
in laser-arc hybrid welding process. 
Presented  results  of  numerically  estimated  weld  structure 
composition can be useful for determining weld properties and the 
also are a starting point for modeling of thermo-mechanical states 
in joint welded using laser-arc hybrid technique. On the basis of 
obtained results, the appropriate technological parameters of this 
process  might  be  determined  which  allow  to  obtain  the  best 
possible weld quality. 
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